There is increasing evidence that the potency of intercellular signaling is controlled by protein trafficking deciIn a genetic screen for genes that control synapse sions that follow the endocytosis of activated receptor/ development, we have identified spinster (spin), which ligand complexes. It has been long known that receptorencodes a multipass transmembrane protein. spin muligand signaling can be inactivated by endocytosis, and tant synapses reveal a 200% increase in bouton numthat the abundance of surface receptors can be conber and a deficit in presynaptic release. We demontrolled by the regulated trafficking of receptors back to strate that spin is expressed in both nerve and muscle the cell surface from the early endosome versus traffickand is required both pre-and postsynaptically for noring of receptors to the lysosome for degradation (Di mal synaptic growth. We have localized Spin to a late ( . We now refer to our mutations tic growth persists in the spin mutant background, then as spinster. We first identified a single spinster mutation we have significantly underestimated the increase in (EP(2)0822; referred to hereafter as spin1; see Figure 1) synapse size compared to wild-type by not normalizing and subsequently identified four new P element alleles bouton counts to muscle volume. of spin based on a screen of available databases. All of There are several examples of mutations that change these alleles are predicted to be hypomorphic loss-ofbouton number but do not change synapse area befunctional mutations based on the P element insertion cause altered bouton number is compensated by an sites (Figure 1) . In order to isolate a null allele of spin, opposing change in the size of individual boutons (Stewwe generated a small deficiency (spin⌬2b; Figure 1 
Here we demonstrate that spin is necessary for normal A number of synaptic signaling molecules have been idensynaptic growth regulation. In all spin mutations, includtified that participate in these various growth-related proing a newly generated null mutation, the neuromuscular cesses including cell adhesion molecules (NCAM/FASII, synapse overgrows by more than 200% compared to Cadherin, laminin, and integrin), growth factors (neurowild-type. A genetic analysis demonstrates that spin trophins and TGF-␤), and other synaptic proteins is required both pre-and postsynaptically for normal terminal and postsynaptic muscle. We further demonWe first determined that spin is necessary for viability, strate that the endosomal/lysosomal compartment has demonstrating that severe spin mutations cause lethala dramatically altered size and architecture in spin muity at the late pupal stage. The three P element mutations tant animals. We hypothesize that the altered architecthat reside within the spin transcript (spin1, spin4, and ture of the endosomal system is associated with altered spin5) as well as the null allele, spin⌬2b, are all lethal endosomal function and causes misregulation of imporat the pharate pupal stage. In addition, these three lethal tant synaptic growth factor signaling. In support of this P element insertions fail to complement the spin⌬2b hypothesis, we present a genetic analysis that impliand Df(2)Jp4 chromosomes with the same pupal lethal cates enhanced/misregulated TGF-␤ signaling as a priphase. RNA in situ experiments demonstrate that there mary cause of synaptic overgrowth in spin.
is a significant maternal contribution of spin that could Recently, the TGF-␤ signaling pathway has been demaccount for the late lethal phase (data not shown ., 2001) . We now refer to our mutations tic growth persists in the spin mutant background, then as spinster. We first identified a single spinster mutation we have significantly underestimated the increase in (EP(2)0822; referred to hereafter as spin1; see Figure 1) synapse size compared to wild-type by not normalizing and subsequently identified four new P element alleles bouton counts to muscle volume. of spin based on a screen of available databases. All of There are several examples of mutations that change these alleles are predicted to be hypomorphic loss-ofbouton number but do not change synapse area befunctional mutations based on the P element insertion cause altered bouton number is compensated by an sites (Figure 1) . In order to isolate a null allele of spin, opposing change in the size of individual boutons (Stewwe generated a small deficiency (spin⌬2b; Figure 1) By contrast, we demonstrate that the dramatic increase P element (Preston et al., 1996). The spin⌬2b deficiency in bouton number in spin does cause an expansion of deletes approximately 5 kb of sequence including the total synaptic area. We have measured synaptic span entire first coding exon of spin, which is common to all and find that this parameter is increased by more than known splice variants of this gene, as well as the majority 200% (data not shown). More importantly, we demonof the first intron (the deficiency breakpoints were deterstrate that the average bouton size is normal despite mined by sequence analysis). We have also identified a the observed 200% increase in bouton number. We large deficiency that uncovers the spin locus (Df(2)Jp4) measured the two-dimensional area of individual synap- (Saxton et al., 1991) . Subsequent genetic and molecular tic boutons from wild-type and spin mutant synapses data support the conclusion that spin⌬2b is a null mutation (see below).
at muscles 6/7. The 2D bouton surface area of each individual bouton within a synapse was measured, and In order to determine whether spin is necessary in the neuron or the muscle for normal synaptic growth these numbers were then averaged across several synapses for each genotype, including several hundred regulation, we have rescued the spin mutant phenotype by overexpression of a spin cDNA (UAS-spin) using tisboutons per genotype. Average bouton size in spin is not significantly different from wild-type (wt ϭ 5.6 m 2 Ϯ sue-specific GAL4 drivers that express in either the nerve (elav-GAL4), the muscle (MHC-GAL4), or ubiqui-0.52; spin⌬2b/Df(2)Jp4 ϭ 5.49 m 2 Ϯ 0.39). Thus, synaptic growth is enhanced at spin mutant synapses.
tously (tubulin-GAL4). The cDNA used for rescue experi- (Figure 2, RESCUE) . Thus, our data argue that spin is required on both sides of the synapse for normal synaptic growth regulation.
Synaptic Overgrowth Is Associated with Impaired Neurotransmission
In order to determine whether synaptic overgrowth in spin is associated with altered synaptic function, we quantified synaptic transmission at muscles 6/7 in wildtype, spin, and rescue larvae. Despite synaptic overgrowth, quantal content is decreased in the spin mutant background by approximately 50% ( immunoreactive puncta are observed in a peri-nuclear pattern in neurons and muscle, and these puncta are When spin-GAL4 is used to drive expression of UASspin-GFP, we observe Spin-GFP expression throughout widely distributed throughout muscle fibers. In addition, we also demonstrate that Spin puncta are present within the larval CNS with pronounced expression in motoneurons ( Figure 4B ). We also observe strong expression in the presynaptic nerve terminal. We first costained the NMJ with anti-Synapsin and anti-Spin. Three-dimenall body wall muscle ( Figure 4C ) as well as other tissues, including a subset of epithelial cells and the salivary sional optical reconstruction of individual synaptic boutons by confocal microscopy demonstrates that Spin glands (data not shown). In these experiments, Spin-GFP localizes to a peri-nuclear region in both larval immunoreactive puncta are present within the volume of the presynaptic Synapsin staining ( Figure 5C ). To neurons and larval muscle ( Figures 4B and 4C ). Spin-GFP fluorescence is also observed throughout the musfurther demonstrate the presence of Spin in the presynaptic nerve terminal, we have fixed and stained animals cle ( Figure 4C ) and is observed in the nerves that include both sensory and motor axons (data not shown). Beexpressing Spin-GFP presynaptically and costained with anti-Synapsin. Spin-GFP puncta are clearly present cause Spin-GFP puncta are present in both the nerve and underlying muscle, it is difficult to determine within the presynaptic nerve terminal ( Figure 5D ). whether Spin-GFP puncta are present within the presynaptic nerve terminal in these experiments. These GFPSpinster Localizes to a Late Endosomal/ Lysosomal Compartment positive puncta are suggestive of a late endosomal localization pattern in nerve and muscle.
The size and distribution of the Spin-positive puncta are suggestive of a late endosomal/lysosomal distribution. To assess the localization of the endogenous Spin protein, we have raised an antibody against Spin using We therefore tested for colocalization of Spin with known endosomal and lysosomal markers. Unfortua combination of two peptides, one being an N-terminal peptide represented in all splice forms of the protein nately, there is a paucity of endosomal/lysosomal markers in Drosophila. Therefore, we first examined the suband the second being a peptide to a region between transmembrane domains 11 and 12 that is present in cellular localization of Spin-GFP in mammalian cells. We find near perfect colocalization of Spin-GFP with LAMP-1 four of the five isoforms of spin (see Experimental Procedures). Two experiments demonstrate the specificity of (a lysosomal marker) in HeLa cells, indicating that Spin is localized to the lysosome in these cells ( Figure 6A ). our antibody for the Spin protein. First, the antibody colocalizes with Spin-GFP expressed in both the nerve The lysosomal localization of Spin-GFP is not influenced by where the GFP is located on the transgene. Unfortuand muscle (data not shown). The specificity of the antibody is further demonstrated by the absence of antibody nately, anti-LAMP-1 does not recognize Drosophila lysosomes, and there are no other known lysosomal markstaining in the null mutations ( Figures 5A and 5B ). Using this antibody we are able to confirm the widely distribers in the fly. However, we are able to demonstrate that Spin-GFP (driven by spin-GAL4) is specifically localized uted punctate staining pattern that is observed when UAS-spin-GFP expression is driven by spin-GAL4. Spin to a low pH compartment identified by the lysotracker these animals closely matches the endogenous protein distribution detected with our antibody. The location of muscle nuclei in these experiments was determined by visualization with Nomarski optics. These data suggest that Spin is localized to a lysosomal compartment in vivo.
We have also tested a battery of endosomal markers for colocalization with Spin-GFP and anti-Spin. We observe partial colocalization of Spin with anti-Hrs, particularly in the peri-nuclear region in neurons and muscle ( Figure 6C, arrows) . It is notable that Hrs immunoreactivity in muscle is concentrated to the subsynaptic reticulum (SSR), a series of postsynaptic muscle folds of unknown function, whereas Spin does not localize to this site. We have also examined colocalization with antiRab5 (early endosome), anti-Hook (late endosome), and anti-Deep Orange (late endosome) (Krä mer and Phistry, 1996; Narayanan et al., 2000). We observe partial overlap between Spin and both anti-Hook and anti-Dor. However, more frequently these markers reside in a vesiclelike compartment that appears immediately adjacent to the Spin vesicle-like compartment (data not shown). We do not observe any colocalization or juxtaposition of Spin with anti-Rab5 (data not shown). Taken together, these data support the conclusion that Spin localizes to a late endosomal/lysosomal compartment in Drosophila muscle. In motoneurons, the perinuclear localization is also consistent with a late endosomal/lysosomal localization. The identification of lysosomes at the synapse is more controversial, though lysosomes have been observed at newly formed and developing synapses and have been found to distribute down axons, being concentrated at the nodes of Ranvier (Broadwell and Ca ., 1999) . Importantly, we also observe a dramatic expansion tal muscle as determined by electron microscopy (Kaisto et al., 1999) . In these experiments, UAS-spinof a low pH compartment within the presynaptic nerve terminal. In these experiments, FITC-conjugated anti-GFP is driven by spin-GAL4, and the GFP localization in 
muscle nucleus is labeled (n). (C) An antibody to the late endosomal protein Hrs colocalizes in a peri-nuclear pattern with Spin-GFP expressed using spin-GAL4. Note that there is not colocalization of anti-Hrs with Spin-GFP at the subsynaptic region (one bouton within the synapse is labeled [b]). A muscle nucleus is labeled (n).

HRP was used in combination with the lysotracker in a
To further investigate the expansion of the late endosomal system, we have assessed the staining intensity live staining protocol. FITC-anti-HRP efficiently stains extracellular epitopes on the presynaptic membrane of a variety of late endosomal markers in muscle, comparing wild-type with spin mutant muscle. Anti-Hrs, antiduring the time of lysotracker staining. This allows us to visualize lysotracker-positive compartments that are Deep Orange, and anti-Cathepsin-L all have significantly elevated staining intensity in spin mutant muscle and present within the presynaptic nerve terminal. At spin mutant NMJ, we observe that there are increased numpresynaptic terminals compared to wild-type (data not shown). Although the staining intensity is increased, the bers of presynaptic lysotracker-positive puncta, and most notably, these puncta are significantly enlarged in staining pattern is grossly normal for these proteins with the exception of anti-Dor. Anti-Dor staining is normally size (Figure 7D, arrows) . At spin synapses, nearly all of the large boutons contain a large low pH compartment. concentrated to the SSR at the postsynaptic side of the synapse (Narayanan et al., 2000; and data not shown). Lysotracker staining of the wild-type synaptic terminals rarely identified such a compartment ( Figure 7C ). HowIn spin mutant muscle anti-Dor is no longer strongly concentrated to the SSR but is now distributed throughever, on occasion these compartments were observed at one or two boutons within a wild-type synapse (Figure out the muscle, giving the appearance that Dor is no longer localized to the SSR. Since Dor expression is 7E, feathered arrows). Three-dimensional reconstruction of lysotracker-positive synaptic boutons demonelevated throughout the muscle, we hypothesize that this reflects a redistribution of this protein throughout strates that the low pH compartments are present within the volume of the presynaptic bouton ( Figure 7E ). Taken the endosomal system rather than a loss of Dor from the postsynaptic membranes. Finally, there is no change together these data demonstrate a dramatic expansion and alteration of the late endosomal compartment in in the expression or distribution of the early endosomal protein Rab5, indicating that these changes are specific both the presynaptic nerve-terminal and in muscle. Endosomal expansion has been observed in Hrs mutations to the late endosomal compartment. These data further support the conclusion that the loss of spin causes an in Drosophila embryos and mice (Komada and (Figure 8 ). This is a highly penetrant phenotype and is observed at muscles 6/7 and muscle 4 (Figure 8 ). Quantification of total synaptic bouton number demonstrates a significant increase in bouton numbers that is nearly equivalent to that observed in the spin mutant (Figure 8 ). These data demonstrate that enhanced TGF-␤ signaling can cause synaptic overgrowth. CNS with pMAD and anti-evenskipped, which labels a subset of motoneurons. 
A genetic analysis of the TGF-␤ receptor mutations
Taken together with the increase in bouton numbers seen in dad, these data support the conclusion that wit, tkv, and sax in combination with spin demonstrates that TGF-␤ signaling is necessary for synaptic overenhanced or misregulated TGF-␤ signaling is a major determinant of synaptic overgrowth in spin. We hypothgrowth in spin. We first demonstrate that heterozygous mutations in tkv, sax, and wit do not alter synaptic bouesize that altered endosomal function due to loss of Spin causes enhanced TGF-␤ signaling and subsequent ton numbers at the NMJ ( Figure 9C ). We next demonstrate that heterozygous mutations in tkv, sax, and wit synaptic overgrowth. Future experiments will be necessary to determine whether enhanced signaling is due to suppress synaptic overgrowth when placed in the spin mutant background. Bouton numbers are significantly increased receptor number at the plasma membrane, or an inability to stop signaling within the late endosomal reduced in each case where a single copy of a receptor is mutated in combination with spin (p Ͻ 0.001). We then system. quantified bouton numbers in each of the double mutant combinations of tkv, sax, or wit with spin. In each case, Discussion when we removed both copies of a receptor, we suppress synaptic overgrowth in the spin mutant backIn this study, we demonstrate that the spinster gene is necessary, both pre-and postsynaptically, for the norground further than when only a single copy of a receptor was mutated ( Figure 9C ; p Ͻ 0.001). These data demonmal regulation of structural and functional synaptic development at the Drosophila NMJ. Bouton numbers are strate that TGF-␤ receptor mutations suppress synaptic overgrowth in spin in a dose-dependent manner. Furincreased by more than 200%, and presynaptic release is impaired. We further demonstrate that Spin is a transthermore, since bouton numbers return to wild-type, or below wild-type levels, it demonstrates that TGF-␤ porter-like protein that localizes to the late endosome/ lysosome and is necessary for the normal architecture signaling is necessary for synaptic overgrowth in spin. These models beg the question of whether synaptic overgrowth in spin is due to gross misregulation of synto the nodes of Ranvier (Gatinsky and Berthold, 1990; Overly and Hollenbeck, 1996) . In other studies, a synapaptic signaling. The synaptic overgrowth observed in spin is extreme (Ͼ200% increase in bouton number) and tic compartment considered to be prelysosomal has been described that may have a limited capacity for far exceeds the effect of mutations in other synaptic signaling molecules which, in general, alter synaptic protein degradation (Nixon and Cataldo, 1995 by standard methods. Dip1 and Dip2 were cleaved from GST using thrombin and a total of 2 mg of a combination of the peptides lixis. The CyO-GFP balancer chromosome was used to select mutant larvae. Spin-GAL4 was obtained from Zoltan Asztalos (Cambridge).
injected into guinea pigs (Strategic Biosolutions). Antibodies were affinity purified against the Dip1-and Dip2-GST fusion proteins. UAS-spin-GFP and UAS-spin were generated as described below. The following GAL4 lines were used: MHC-GAL4, elav-GAL4, D42-GAL4, and tubulin-GAL4. 
